Glioblastomas (GBMs) are highly lethal brain tumours with current therapies limited to palliation due to therapeutic resistance. We previously demonstrated that GBM stem cells (GSCs) display a preferential activation of DNA damage checkpoint and are relatively resistant to radiation. However, the molecular mechanisms underlying the preferential checkpoint response in GSCs remain undefined. Here, we show that L1CAM (CD171) regulates DNA damage checkpoint responses and radiosensitivity of GSCs through nuclear translocation of L1CAM intracellular domain (L1-ICD). Targeting L1CAM by RNA interference attenuated DNA damage checkpoint activation and repair, and sensitized GSCs to radiation. L1CAM regulates expression of NBS1, a critical component of the MRE11-RAD50-NBS1 (MRN) complex that activates ataxia telangiectasia mutated (ATM) kinase and early checkpoint response. Ectopic expression of NBS1 in GSCs rescued the decreased checkpoint activation and radioresistance caused by L1CAM knockdown, demonstrating that L1CAM signals through NBS1 to regulate DNA damage checkpoint responses. Mechanistically, nuclear translocation of L1-ICD mediates NBS1 upregulation via c-Myc. These data demonstrate that L1CAM augments DNA damage checkpoint activation and radioresistance of GSCs through L1-ICD-mediated NBS1 upregulation and the enhanced MRN-ATM-Chk2 signalling.
Introduction
Glioblastoma (GBM) is the most common and fatal type of primary brain tumours. Despite recent therapeutic advances in other solid cancers, GBM treatment remains ineffective and most patients diagnosed with GBM die within 2 years (Furnari et al, 2007; Wen and Kesari, 2008; Stupp et al, 2009) . Ionizing radiation (IR) has been the most effective non-surgical treatment modality for GBM patients, but tumour recurrence is essentially universal due to marked radioresistance. Therapeutic resistance is likely due to multiple factors, but we and others found that a highly tumourigenic subpopulation of cancer cells in GBM called GBM stem cells (GSCs) or stem cell-like glioma cells are highly resistant to radiation and chemotherapies (Eramo et al, 2006; Liu et al, 2006; Bao et al, 2006a) . Like neural stem cells, GSCs express stem cell markers, display self-renewal capacity, and have the potential to differentiate into multiple lineages (neurons, astrocytes, and oligodendrocytes) (Hemmati et al, 2003; Galli et al, 2004; Singh et al, 2004; Vescovi et al, 2006; Bao et al, 2006a) . However, GSCs exhibit significant distinctions from normal stem cells in frequency, proliferation, chromosomal abnormalities, and tumour formation Bao et al, 2006a; Zhou et al, 2009; Cheng et al, 2010) . The potent tumourigenic capacity of GSCs and increasing evidence of resistance to therapies supports critical roles for GSCs in tumour maintenance and recurrence, and suggests that targeting GSCs may overcome therapeutic resistance and improve patient outcome (Piccirillo et al, 2006; Bao et al, 2006a Bao et al, , 2008 Zhou et al, 2009; Cheng et al, 2010) . In our previous study, we demonstrated that GSCs promote radioresistance through preferential activation of the DNA damage checkpoint response, and that an inhibitor blocking Chk1 and Chk2 checkpoint kinases reverses the radisoresistance of GSCs (Bao et al, 2006a) . However, the molecular mechanisms associated with the preferential DNA damage checkpoint activation in GSCs in response to radiation remain poorly understood.
Radiation mainly causes cellular toxicity through induction of DNA double-strand breaks (DSBs) that activate DNA damage checkpoint signalling (Abraham, 2001; Shiloh, 2003; Lukas et al, 2004; Harper and Elledge, 2007) . Activation of checkpoint pathways initiates cell-cycle arrest with attempted DNA repair or induces apoptosis when the extent of DNA damage exceeds the cellular capacity for repair (Abraham, 2001; Kastan and Bartek, 2004; Reinhardt and Yaffe, 2009 ). Thus, checkpoint pathways primarily have cytoprotective roles to promote cell survival. In the face of irreparable DNA damage, however, the checkpoints relay a pro-apoptotic signal to eliminate those highly damaged cells. The DNA damage checkpoint is a complex signal transduction pathway that includes the MRE11-RAD50-NBS1 (MRN) complex, ataxia telangiectasia mutated (ATM), the ATM and Rad3 related (ATR), Rad17, Chk2, Chk1, and other checkpoint proteins (Abraham, 2001; D'Amours and Jackson, 2002; Bartek and Lukas, 2007; Williams et al, 2007) . The phophoinositide 3-kinases, ATM and ATR, are proximal components of the checkpoint signalling cascade that phosphorylate and activate downstream targets (Abraham, 2001; Bao et al, 2001; Shiloh, 2003) . The MRN complex has critical roles in initiating DNA repair and early checkpoint activation by regulating ATM kinase activity after radiation (D'Amours and Jackson, 2002; Bartek and Lukas, 2007; Williams et al, 2007) . A recent report showed that c-Myc is also required for the ATMdependent checkpoint activation (Guerra et al, 2010 ). An earlier study demonstrated that c-Myc positively regulates NBS1 expression at transcriptional level (Chiang et al, 2003) . These studies suggest that c-Myc-NBS1-ATM is a potential signalling link to regulate DNA damage checkpoint activation in response to radiation. Radiation-induced DSBs trigger the activation of ATM-Rad17-Chk2-CDC25A signalling cascade to induce cell-cycle arrest. The initiation of cell-cycle arrest permits cells to attempt to repair the damaged DNA, but prolonged presence of the DNA damage leads to an apoptotic cell death (Abraham, 2001; Bartek and Lukas, 2007) . Thus, both DNA damage checkpoint activation and DNA repair capacity primarily protect cell survival. In response to DSBs, the activation of ATM, Chk2, and Rad17 are higher in GSCs than the matched non-stem tumour cells (Bao et al, 2006a) . Understanding the molecular mechanisms underlying this GSC phenotype will be crucial for developing a therapeutic approach to overcome GSC radioresistance.
In the search for molecular regulators of GSCs, we previously identified L1CAM (CD171) as a differentially expressed protein in GSCs relative to bulk tumour cells and demonstrated that L1CAM supported GSC survival and tumour growth (Bao et al, 2008) . L1CAM is a glycoprotein comprised of a cytoplasmic tail (intracellular domain), a transmembrane region and an extracellular domain that interacts with another L1CAM molecule, growth factor receptors, a5b1 and avb3 integrins, Neuropilin-1, and extracellular matrix proteins (Maness and Schachner, 2007; Raveh et al, 2009; Siesser and Maness, 2009 ). This surface protein regulates cell adhesion, survival, growth, migration, and invasion (Raveh et al, 2009; Siesser and Maness, 2009) . Mutations in the L1CAM are associated with a number of genetic disorders, notably the X-linked recessive L1 syndrome that includes hydrocephalus and mental retardation (Weller and Gärtner, 2001) . In contradistinction, a wide range of human cancers display increased L1CAM expression that informs tumour progression or metastasis of several types of cancer including GBM (Izumoto et al, 1996; Gavert et al, 2005 Gavert et al, , 2008 Suzuki et al, 2005; Sebens Mü erköster et al, 2007; Stoeck et al, 2007 Stoeck et al, , 2009 Raveh et al, 2009; Siesser and Maness, 2009) . L1CAM has been shown to be expressed at the invasive front of colon cancers and is a target of b-catenin signalling, a key cancer stem cell pathway (Gavert et al, 2005 (Gavert et al, , 2008 Raveh et al, 2009 ). An elegant study from the Altevogt's group demonstrated that the intracellular domain of L1CAM (L1-ICD; 28 kDa) is released from the membrane-bound L1CAM through specific cleavages mediated by ADAM10 (A Disintegrin and Metalloprotease 10) and Presenilin (g-secretase) and then translocated into nuclei to regulate gene expression (Riedle et al, 2009) . The proteolytic processing regulated by ADAM10 and g-secretase has essential roles for the nuclear signalling of L1CAM (Riedle et al, 2009 ). This may explain why L1CAM overexpression is associated with multiple aspects of tumour progression. Furthermore, L1CAM mediates therapeutic resistance in ovarian and pancreatic cancer cells (Sebens Mü erköster et al, 2007 , 2009 Stoeck et al, 2007) . We therefore attempted to examine whether L1CAM-mediated signalling may have a function in regulating checkpoint response and radioresistance of GSCs.
Results

DNA damage induces L1CAM expression in GSCs
As L1CAM is preferentially expressed in GSCs (Bao et al, 2008) and L1CAM overexpression increases chemoresistance in several types of cancers (Sebens Mü erköster et al, 2007 , 2009 Stoeck et al, 2007) , we speculated that elevated L1CAM expression may contribute to GSC radioresistance. To identify a potential link between L1CAM and radioresistance in GSCs, we initially examined L1CAM expression in GSCs after DNA damage. GSCs were isolated from primary GBM tumour specimens or xenografts as previously described (Bao et al, 2006a (Bao et al, , b, 2008 Li et al, 2009 ) and were validated for the enrichment of stem cell-like cancer cells by functional assays of self-renewal, multi-lineage differentiation, and tumour propagation. GSCs derived from GBM tumours formed tumorspheres ( Figure 1A ), and displayed differentiation potential into cells expressing makers for astrocytes (GFAP þ ), oligodentrocytes (Galc þ ), and neurons (Map2 þ ) ( Figure 1B ). We further confirmed that L1CAM is co-expressed with SOX2 (a marker for GSCs) in GSC tumorspheres ( Figure 1C ). To examine L1CAM expression after DNA damage, we treated the isolated GSCs with the radiomimetic drug neocarzinostatin (NCS) or irradiation (IR, 3 Gy) to induce DNA damage over an early time course. Immunoblot analysis showed that L1CAM protein levels in GSCs were induced by NCS ( Figure 1D and E) or IR ( Figure 1F and G). Quantitative real-time PCR (RT-PCR) analysis indicated that L1CAM mRNA levels were also significantly increased after irradiation ( Figure 1H ). These data suggest that L1CAM expression is induced by DNA damage in GSCs, indicating a potential role of L1CAM in mediating the radioresistance of GSCs.
L1CAM regulates activation of checkpoint proteins in GSCs in response to DNA damage DNA damage checkpoint response has a critical role in determining cellular sensitivity to radiation. To interrogate the role of L1CAM in the preferential checkpoint activation in GSCs, we examined the effect of L1CAM loss of expression on the activating phosphorylation of several key checkpoint proteins including ATM kinase and downstream checkpoint proteins (Chk2, Rad17, and Chk1) in GSCs in response to DNA damage induced by IR or NCS. Isolated GSCs were transduced with L1CAM-targeting short hairpin RNA (shRNA) (shL1-2 or shL1-5) or non-targeting (NT) control shRNA through lentiviral infection, treated with NCS (100 ng/ml) or IR (3 Gy), and then analysed for activating phosphorylation of key checkpoint proteins. Targeting L1CAM expression (70-90% reduction) with the specific shRNA attenuated the activating phosphorylation of ATM (pS1981) and Chk2 (pT68) in response to DNA damage induced by IR or NCS treatment (Figure 2A-C) . L1CAM knockdown also modestly reduced activating phosphorylation of Rad17 (pS645) and Chk1 (pS317) in response to NCS-or IR-induced DNA damage (Figure 2A-C) . Of note, L1CAM knockdown did not alter the total protein levels of these checkpoint proteins in GSCs. As the DNA damage induced by IR or NCS mainly activates checkpoint response through ATM and Chk2 (Abraham, 2001; Bartek and Lukas, 2003; Reinhardt and Yaffe, 2009 ), the distinct reduction of ATM and Chk2 activating phosphorylation in response to IR in GSCs with loss of L1CAM expression (Figure 2A-C) indicated that the effect of L1CAM knockdown on checkpoint activation in GSCs was specific. In matched non-stem tumour cells that displayed much lower L1CAM expression (Bao et al, 2008) , reduced L1CAM expression showed little or no effect on checkpoint activation (Supplementary Figure S1) . These data demonstrate that reducing L1CAM expression indeed attenuated checkpoint activation in GSCs in response to DNA damage, suggesting that preferential expression of L1CAM in GSCs may contribute to the enhanced checkpoint activation in these cells. To further confirm these results, we examined the impact of increasing L1CAM expression in GSCs on the activation of DNA damage checkpoint, and found that ectopic expression of L1CAM increased the activating phosphorylations of ATM, Chk2, Rad17, and Chk1 in GSCs ( Figure 2D ). Interestingly, although L1CAM knockdown showed little effect on the checkpoint activation in non-stem tumour cells that generally express low levels of L1CAM, ectopic expression of L1CAM in non-stem tumour cells also increased the activating phosphorylations of ATM and Chk2 and cellular resistance to radiation (Supplementary Figure S2) . Taken together, these data demonstrate that L1CAM promotes checkpoint activation in response to DNA damage, suggesting that the elevated expression of L1CAM in GSCs may be associated with the increased checkpoint activation and cytoprotection in GSCs.
L1CAM knockdown decreases DNA repair potential in GSCs
The activation of checkpoint pathways in response to DNA damage leads to cell-cycle arrest with attempt to repair damaged DNA. Based on the effects of L1CAM knockdown on checkpoint activation in GSCs upon DNA damage, we examined whether reduced L1CAM expression affects DNA repair potential and cell recovery after DNA damage in GSCs. To address this point, we assessed the recovery of GSCs targeted with L1CAM shRNA (shL1-2 or shL1-5) or NT shRNA in response to the NCS-induced DNA damage by assessing the resolution of phosphorylated histone 2AX (pH2AX) nuclear foci through immunofluorescence analysis, as pH2AX nuclear foci has been widely used as the indicator of the presence of damaged DNA (Celeste et al, 2003) . GSCs isolated from GBM tumours (T4121 and T3359) were targeted with NT shRNA or L1CAM-targeting shRNA (shL1-2 or shL1-5) through lentiviral infection, and then treated without or with NCS (100 ng/ml) for 3 h. After removal of NCS from the culture medium, treated cells were allowed to recover over a time course before fixation and pH2AX staining to assess the resolution of nuclear foci after DNA damage. In the condition without IR or NSC treatment, L1CAM knockdown in GSCs did not affect pH2AX staining intensity relative to the control with NT shRNA (Supplementary Figure S3) . At 1 h after the NCS treatment, almost all cells contained pH2AX nuclear foci with similar fractions in cells transduced with either NT shRNA or shL1CAM ( Figure 3A and B), indicating that most cells suffered from the NCS-induced DNA damage. In contrast, at 24 h after recovery, the fraction of cells with 
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Figure 2 L1CAM enhanced DNA damage checkpoint activation in GSCs in response to irradiation (IR) or the radiomimetic drug NCS.
(A, B) L1CAM knockdown attenuated activating phosphorylation of ATM and Chk2, and modestly reduced activating phosphorylation of Rad17 and Chk1 after DNA damage induced by IR in GSCs. GSCs derived from G2038 GBM (A) or CCF1992 GBM (B) surgical specimens were targeted with L1CAM shRNA (shL1-2 (A) or shL1-5 (B)) or non-targeting (NT) shRNA for 48 h through lentiviral infection, treated with IR (3 Gy) followed by a 3-h recovery, and then harvested for immunoblot analysis with specific antibodies against phosphorylated ATM(S1981), Chk2(T68), Rad17(S645), and Chk1(S317), and total checkpoint proteins. (C) Downregulation of L1CAM reduced checkpoint activation after NCS-induced DNA damage in GSCs. GSCs derived from D456MG GBM xenografts were targeted with shL1-2 or NT shRNA for 48 h and treated with NCS (100 ng/ml) for 3 h, and then harvested for immunoblot analysis similar to (A). (D) Increased L1CAM expression enhanced checkpoint activation after DNA damage induced by IR (3 Gy) in GSCs. T4121 GSCs were transfected with Flag-tagged L1CAM or vector control for 48 h through lentiviral infection, treated with IR (3 Gy) followed by a 3-h recovery, and then harvested for immunoblot analysis as described in (A). GSCs displayed potential to differentiate into cells expressing marker for astrocytes (GFAP þ ), oligodendrocytes (Galc þ ), and neurons (Map2 þ ). Nuclei were counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole) (blue). (C) L1CAM was expressed on the surface of GSCs expressing SOX2 (a stem cell transcription factor) in tumorspheres. The frozen sections of tumorspheres derived from the freshly isolated GSCs were stained with anti-L1CAM (green) and anti-SOX2 (red) antibodies. Nuclei were counterstained with DAPI (blue). The insert represents enlarged image of the part marked by a square. (D) L1CAM protein levels were induced by the radiomimetic drug NCS in GSCs. GSCs (G2038) were untreated or treated with 100 ng/ml NCS over a time course and then harvested for immunoblot analysis. (E) Relative L1CAM protein levels at different time points after NCS treatment from (D) were quantified. *Po0.005; **Po0.001. (F) L1CAM protein levels were induced by irradiation (IR) in GSCs. GSCs derived from a GBM tumour (CCF2170) were untreated (C) treated with IR (3 Gy) and cultured for different times (6, 12, 24 , and 36 h), and then harvested for immunoblot analysis. (G) Relative L1CAM protein levels at different time points after IR treatment from (F) were quantified. *Po0.005; **Po0.001. (H) L1CAM mRNA levels were induced by IR treatment in GSCs. L1CAM mRNA expression levels in GSCs (CCF2045) at different time points after IR (3 Gy) were analysed by quantitative real-time PCR. *Po0.005; **Po0.001. the pH2AX nuclear foci was significantly higher in the GSCs targeted with shL1CAM than the control cells targeted with NT shRNA ( Figure 3A and B). These data indicated that L1CAM knockdown delayed the resolution of the pH2AX nuclear foci in GSCs, suggesting that reduced L1CAM expression decreased DNA repair capacity in GSCs. To confirm this result, we also performed the alkaline single cell gel electrophoresis (comet) assay (Tice and Strauss, 1995; Bao et al, 2006a ) that quantifies DNA damage by the frequency of comet tails. The results from the comet assay validated that reduced L1CAM expression decreased cellular ability to repair the damaged DNA induced by radiation ( Figure 3C and D), suggesting that elevated L1CAM expression is associated with the preferential DNA repair potential in GSCs. The resolution of phosphorylated histone 2AX (pH2AX) nuclear foci after DNA damage was delayed in GSCs after L1CAM knockdown. GSCs isolated from T4121 and T3359 GBMs were targeted with L1CAM shRNAs (shL1-2 or shL1-5) or the non-targeting (NT) shRNA and then treated with NCS (100 ng/ml) for 3 h. The treated cells were allowed to recover in the culture medium without NCS. Immunofluorescent staining of pH2AX nuclear foci was performed at 1 and 24 h after NCS removal. (B) Cells with pH2AX nuclear foci staining in (A) were quantified and statistically analysed. The relative intensity of pH2AX nuclear foci in the cells treated with L1CAM shRNA or NT control shRNA was analysed. The intensity of pH2AX nuclear foci was higher in cells expressing L1CAM shRNA than the control cells expressing NT shRNA at 24 h after NCS removal. *Po0.001. (C) Alkaline comet assay confirmed that L1CAM knockdown reduced DNA repair potential in GSCs. GSCs (CCF1683) were targeted with L1CAM shRNA or NT shRNA and then treated with IR (5 Gy). The comet assay was performed at 1 and 24 h after irradiation. (D) Data from the comet assay in (C) were quantified and statistically analysed. L1CAM knockdown significantly delayed the resolution of comet tails that served as indicators of DNA damage. *Po0.001. Targeting L1CAM reduces radioresistance of GSCs As L1CAM knockdown attenuated checkpoint activation and DNA repair capacity in GSCs, we next examined the effect of targeting L1CAM on GSC radioresistance. GSCs derived from GBM tumour specimens were targeted with shL1CAM (shL1-2 or shL1-5) or NT shRNA through lentiviral infection and treated without or with IR (5 Gy), allowed to recover and then form tumorspheres in neurobasal medium for 9 days. To stain, view, and count the formed tumorspheres after treatment, the tumorspheres in suspension were permitted to attach on plastic dish by culturing them for a short period (12 h) in Dulbecco's Modified Essential Media (DMEM) with 10% fetal bovine serum (FBS). As expected, treatment with 5 Gy of IR attenuated GSC tumorsphere formation but a significant number of GSCs survived ( Figure 4A and C). In concordance with our previous report (Bao et al, 2008) , L1CAM knockdown in GSCs reduced the efficiency and size (a potential surrogate of proliferation) of tumorspheres Figure 4 Targeting L1CAM with shRNA increased radiosensitivity of GSCs. (A) Tumorsphere formation assay showed that L1CAM knockdown reduced tumorsphere growth of GSCs after irradiation (IR). GSCs (CCF1683) were targeted with L1CAM shRNA or NT shRNA through lentiviral infection for 48 h, and treated without or with IR (5 Gy), and then allowed to recover and grow for 9 days in the neurobasal medium. To view and count the tumorspheres formed by the survived cells, the spheres were allowed to attach on the dishes by culturing them for a short time (12 h) in DMEM with 10% FBS before they were fixed and stained for assessing the sphere number and size under different treatments. ( Figure 4A-D) . Furthermore, targeting L1CAM sensitized GSCs to radiation as the combination of shL1CAM and IR abolished GSC tumorsphere formation ( Figure 4A-D) . These data suggest that targeting L1CAM renders GSCs sensitive to the IR-induced cell death. This result was further validated in a dose response study with a range (0, 2, 4, 6, 8, 10, and 12 Gy) of IR treatment showing that reduced L1CAM expression with shRNA increased cellular sensitivity to radiation ( Figure 4E ). In addition, a cell-cycle profiling analysis showed that L1CAM knockdown reduced the IR-induced G2 arrest in GSCs and increased cell death (Supplementary Figure S4A) , which could be due to the reduced ATM-Chk2 checkpoint activation caused by L1CAM knockdown (Figure 2A-C) and the increased p21-induced G1 arrest caused by L1CAM knockdown (Bao et al, 2008) . Collectively, these data suggest that elevated expression of L1CAM likely contributes to the enhanced radioresistance of GSCs. L1CAM-mediated preferential checkpoint activation and DNA repair may enable GSCs more resistant to radiation, implicating that L1CAM is a potential target to overcome GSC radioresistance.
L1CAM functions through NBS1 upregulation to confer the preferential checkpoint response and radioresistance in GSCs
To elucidate the molecular mechanisms associated with the regulation of L1CAM on DNA damage checkpoint response, we examined the impact of L1CAM knockdown on the expression of several key checkpoint regulators involved in the early checkpoint response. These regulators include three core proteins in MRN (MRE11, RAD50, and NBS1) complex that has critical roles in mediating early checkpoint activation and initiating DNA repair process in response to radiation (D'Amours and Jackson, 2002; Lee and Paull, 2005; Williams et al, 2007) . A functional MRN complex is required for ATM activation and the subsequent activation of its downstream checkpoint proteins such as Chk2 (Lee and Paull, 2005; Williams et al, 2007) . We found that L1CAM knockdown reduced the expression of NBS1 but not the other two MRN components (MRE11 and RAD50) as demonstrated by immunoblot analysis ( Figure 5A ). Immunofluorescent staining with a specific antibody confirmed that nuclear NBS1 protein Figure 5B ). RT-PCR analysis validated that L1CAM knockdown reduced NBS1 expression at mRNA level ( Figure 5C ). Moreover, forced expression of L1CAM upregulated NBS1 in GSCs and non-stem tumour cells (non-GSCs) ( Figure 5D ; Supplementary Figure S5 ). These data suggest that L1CAM upregulates the expression of a key DNA damage response component, NBS1, in GSCs. Figure 6 Ectopic expression of NBS1 rescued the decreased checkpoint activation and radioresistance caused by L1CAM downregulation, and NBS1 knockdown photocopied L1CAM knockdown on inhibition of checkpoint activation. (A) NBS1 knockdown reduced checkpoint activation in GSCs in response to IR. GSCs (CCF2170) were targeted with NBS1 shRNA (shNBS1) or non-targeting (NT) shRNA for 48 h through lentiviral infection, treated with 3 Gy of IR followed by a 3-h recovery, and then harvested for immunoblot analysis with specific antibodies against phosphorylated ATM(S1981) and Chk2(T68), and total checkpoint proteins. (B) Ectopic expression of NBS1 (Flag-NBS1) restored the checkpoint activation that was reduced by L1CAM knockdown. GSCs (CW650) were transduced with Flag-NBS1 or vector control for 36 h, targeted with L1CAM shRNA (shL1) or NT shRNA for 48 h through lentiviral infection, then treated with IR (3 Gy) followed by 3 h recovery, and then harvested for immunoblot analysis with specific antibodies against L1CAM, Flag (Flag-NBS1), pATM(S1981), and pChk2(T68) phosphorylated checkpoint proteins, and the total checkpoint proteins. (C) Ectopic expression of NBS1 rescued the decreased radioresistance caused by L1CAM knockdown in GSCs. GSCs derived from CW650 GBM tumour were transduced with Flag-NBS1 or vector control for 36 h, targeted with L1CAM shRNA (shL1) or the NT control shRNA through lentiviral infection for 48 h, treated without or with irradiation (5 Gy), and then allowed to recover and grow for 9 days in neurobasal stem cell medium. To view and count the tumorspheres formed by the survived cells, tumorspheres were allowed to attach on dishes by culturing them in DMEM with 10% FBS for 12 h, and then fixed and stained for assessing the tumorsphere number and size under different treatments. (D) Dose response survival curve of GSCs without or with NBS1 ectopic expression and targeted with L1CAM shRNA (shL1) or NT shRNA in response to a range of IR treatment. GSCs (CW702) were transduced with Flag-NBS1 or vector control for 36 h, targeted with L1CAM shRNA (shL1-2) or NT shRNA through lentiviral infection for 48 h, and treated with different doses of IR as indicated. The survival fractions of GSCs were counted 4 days after IR treatment. Ectopic expression of NBS1 restored GSC radioresistance that was reduced by L1CAM downregulation.
To address whether L1CAM functions through NBS1 to regulate checkpoint activation, we examined the effect of NBS1 knockdown on checkpoint activation in GSCs. Reduced NBS1 with a specific shRNA through lentiviral infection also attenuated checkpoint activation in GSCs in response to IR-induced DNA damage ( Figure 6A ), suggesting that NBS1 knockdown photocopied L1CAM knockdown on inhibition of checkpoint activation. To determine whether L1CAM confers the preferential checkpoint response and radioresistance in GSCs through NBS1 control, we attempted to rescue the effects of L1CAM knockdown on checkpoint activation and radioresistance by expressing NBS1 (Flag-NBS1) . Ectopic (G) Radiation induced nuclear translocation of L1-ICD and NBS1 expression in GSCs, which was attenuated by the g-secretase inhibitor (DAPT). GSCs (CW702) were untreated or treated with IR (3 Gy) in the absence or presence of DAPT (2 mm) and allowed to recovery for 48 h. Nuclear fractions were then isolated from these cells for immunoblot analysis with specific antibodies against the intracellular domain of L1CAM (L1-ICD), NBS1, and total Rad17 (control). (H) A schematic illustration shows that nuclear translocation of L1-ICD transduces L1CAM signalling from cell surface to nuclei to regulate NBS1 expression via c-Myc. The membrane-bound L1CAM can be cleaved by ADAM10 and g-secretase/Presenilin to release the intracellular domain (L1-ICD) that is translocated into nuclei to upregulate c-Myc and NBS1 expression to regulate checkpoint activation in GSCs. expression of NBS1 not only rescued the reduced GSC checkpoint activation caused by L1CAM knockdown in response to radiation ( Figure 6B ) but also restored the preferential GSC survival after radiation as demonstrated by tumorsphere assay ( Figure 6C ) and a dose response study with a range (0, 2, 4, 6, 8, 10 , and 12 Gy) of IR treatment ( Figure 6D ). Collectively, these data suggest that L1CAM functions through NBS1 to confer the preferential DNA damage checkpoint response and radioresistance in GSCs.
Nuclear translocation of L1-ICD mediates NBS1 upregulation via c-Myc
The L1CAM-mediated upregulation of NBS1 could be one of critical mechanisms that contribute to the preferential checkpoint response and the enhanced radioresistance in GSCs.
Our results suggest that cellular signalling from cell surface may regulate checkpoint response in nuclei. To reveal the mechanistic link between L1CAM surface signalling and NBS1 expression and checkpoint response in nuclei, we investigated how L1CAM mediates a signalling to upregulate NBS1 expression. Although L1CAM is a membrane-bound surface protein that can interact with other membrane proteins such as growth factor receptors and integrins (Maness and Schachner, 2007; Raveh et al, 2009; Siesser and Maness, 2009) , an elegant study demonstrated that L1-ICD (28 kDa) can be released from the membrane-bound L1CAM through specific cleavages mediated by ADAM10 (A Disintegrin And Metalloprotease 10) and Presenilin (g-secretase) and that the nuclear translocation of L1-ICD is essential for the nuclear signalling of L1CAM to regulate gene expression (Riedle et al, 2009) . Therefore, we examined whether the nuclear L1-ICD upregulates NBS1 expression. We confirmed that a Flagtagged L1-ICD (Flag-L1-ICD) was translocated into nuclei in GSCs as demonstrated by immunofluorescent staining ( Figure 7A ). Furthermore, ectopic expression of Flag-L1-ICD indeed upregulates NBS1 expression in GSCs ( Figure 7B ). Immunofluorescent staining further confirmed that individual cells with nuclear Flag-L1-ICD also showed increased NBS1 ( Figure 7D ). These data suggest that the nuclear L1-ICD may directly or indirectly regulate NBS1 expression. As an earlier study demonstrated that c-Myc directly regulates NBS1 expression at transcriptional level (Chiang et al, 2003) and a recent study showed that c-Myc is required for the ATMdependent checkpoint activation (Guerra et al, 2010) , it is possible that L1-ICD may indirectly regulate NBS1 expression through c-Myc. This hypothesis was supported by our findings that L1CAM knockdown also reduced c-Myc levels ( Figure 7C ) and that L1-ICD expression upregulated c-Myc ( Figure 7B and E). To determine whether L1-ICD upregulates NBS1 indirectly through c-Myc, we examined the effect of c-Myc knockdown on L1-ICD-induced NBS1 expression. We found that c-Myc knockdown attenuated the induction of NBS1 expression mediated by Flag-L1-ICD ( Figure 7F ), demonstrating that L1-ICD functions through c-Myc to upregulate NBS1 in GSCs. As radiation has been shown to activate g-secretase (Presenilin) activities (Jin et al, 2008; Scharpfenecker et al, 2009) , we confirmed that IR increased nuclear L1-ICD and NBS1 expression in GSCs, an effect was attenuated by treatment of GSCs with the g-secretase inhibitor (GSI) (DAPT) ( Figure 7G ), suggesting that L1-ICD functions as a signal transducer to mediate L1CAM signalling from cell surface to nuclei to regulate NBS1 expression, and that the IR-induced nuclear translocation of L1-ICD depends on the activity of g-secretase. Taken together, these data support that a signalling pathway mediated by the nuclear translocation of L1-ICD regulates NBS1 expression through c-Myc to enhance DNA damage checkpoint activation ( Figure 7H ). Thus, we identified the mechanistic link between L1CAM surface signalling and regulation of NBS1 expression and checkpoint response in nuclei.
Discussion
GBMs are among the most aggressive and least successfully treated brain tumours. These tumours are highly resistant to current radiotherapy and chemotherapy (Furnari et al, 2007; Wen and Kesari, 2008; Stupp et al, 2009) . New therapies on clinical trials have not translated into broad improvements in patient outcome, suggesting that new paradigms will be required. We and others have demonstrated that GSCs contribute to the therapeutic resistance (Eramo et al, 2006; Liu et al, 2006; Bao et al, 2006a; Bertrand et al, 2009; Frosina, 2009; Nakai et al, 2009 ). In addition, GSCs display enhanced invasive capacity and angiogenic potential (Bao et al, 2006b; Folkins et al, 2009; Wakimoto et al, 2009) , indicating that targeting GSCs may significantly improve the treatment. We previously identified L1CAM as a cell surface molecule preferentially expressed on GSCs to maintain the cell survival and tumour growth (Bao et al, 2008) . In this study, we identified a new function of L1CAM in promoting checkpoint activation and radioresistance of GSCs through regulating one of the key molecular regulators in cellular responses to DNA damage, NBS1. Therefore, L1CAM is a particularly attractive therapeutic candidate for GBM therapy as targeting L1CAM not only disrupts the maintenance of GBM propagating cells but also reduces GSC-mediated radioresistance. The cell surface location of L1CAM may present cues as to the role of the microenvironment in regulating a cancer stem cell phenotype (Gilbertson and Rich, 2007; Heddleston et al, 2009; Li et al, 2009 ). L1CAM expression has been shown to be correlated with the likelihood of tumour progression in several types of solid cancers including GBM (Izumoto et al, 1996; Suzuki et al, 2005) , ovarian cancer (Fogel et al, 2003; Stoeck et al, 2007; Wolterink et al, 2010) , colon cancer (Gavert et al, 2005 (Gavert et al, , 2007 , malignant melanoma (Meier et al, 2006) , and other tumours (Fogel et al, 2003; Sebens Mü erköster et al, 2007; Gavert et al, 2008; Geismann et al, 2009 ). This surface protein has been demonstrated to be a molecular marker of poor prognosis in ovarian cancers and uterine carcinomas (Fogel et al, 2003) . The mechanisms through which L1CAM acts to negatively impact patient outcome are not clear, but L1CAM mediates direct and indirect transmission of external signals regulating cell proliferation, differentiation, migration, and invasion (Raveh et al, 2009; Siesser and Maness, 2009 ). Ectopic expression of L1CAM increases cell motility and invasiveness in vitro as well as tumour growth and metastasis in nude mice (Gavert et al, 2005 (Gavert et al, , 2007 . In addition, L1CAM may have paracrine functions because the extracellular domain of L1CAM can be released from cell surface via proteolytic cleavage by plasmin, ADAM10, and ADAM17 (a disintegrin and metalloproteases) (Maretzky et al, 2005; Gavert et al, 2007) . The soluble L1CAM can also promote cell migration, survival, growth, and angiogenesis through binding to integrins (Stoeck et al, 2007; Friedli et al, 2009; Raveh et al, 2009) . Moreover, overexpression of both membrane-bound and soluble forms of L1CAM augments protection of ovarian and pancreatic carcinoma cells from apoptosis and contributes to chemoresistance (Sebens Mü erköster et al, 2007 , 2009 Stoeck et al, 2007) . L1CAM knockdown or anti-L1CAM antibody has been shown to abolish chemoresistance and reduce cancer cell proliferation in vivo in xenograft models (Arlt et al, 2006; Bao et al, 2008; Gast et al, 2008; Weidle et al, 2009; Wolterink et al, 2010 ). Our results demonstrate that L1CAM signalling through the nuclear translocation of its intracellular domain (L1-ICD) may have an additional important role that was unappreciated through whole tumour analyses as L1CAM confers radioresistance in rare GSC population by enhancing DNA checkpoint activation and DNA repair. We are extending these studies to determine the contributions of L1CAM in other therapeutic resistance as well.
NBS1 is one of the three core components in MRN complex (MRE11, RAD50, and NBS1) that serves as an initial sensor of DNA DSBs (Lee and Paull, 2005; Williams et al, 2007) . This critical complex is required for the activation of DNA damage checkpoint response after DSBs by activating ATM kinase and its downstream targets (Lee and Paull, 2005; Berkovich et al, 2007; Williams et al, 2007) . NBS1 has been shown to localize to the DSBs in a pH2AX-dependent manner and facilitates recruitment of ATM to the damage site (Celeste et al, 2003; Falck et al, 2005) . The MRN complex is also involved in the maintenance of telomere length (Chai et al, 2006; Wu et al, 2007) . Furthermore, NBS1 has a crucial role in the initiation of DNA repair and is involved in the non-homologous endjoining pathway after DSBs (Berkovich et al, 2007; Deriano et al, 2009; Williams et al, 2009) . NBS1 amplifies ATM activation by accumulating the MRN complex at break points and is a direct target of ATM kinase activity to stimulate the DNA repair process (Falck et al, 2005; Lee and Paull, 2005; Berkovich et al, 2007) . Our studies demonstrate that L1CAM upregulates NBS1 expression through nuclear translocation of L1-ICD. We revealed that L1-ICD indirectly mediates NBS1 upregulation through c-Myc. This result is consistent with other studies showing that NBS1 expression is positively regulated by c-Myc at transcriptional level (Chiang et al, 2003) and that c-Myc is required for the ATM-dependent checkpoint activation (Guerra et al, 2010) . Thus, differential expression of L1CAM in GSCs mediates MRN complex function through Myc-NBS1-ATM axis to enhance DNA damage checkpoint activation and DNA repair, which promotes radioresistance of GSCs (a working model shown in Supplementary Figure S6 ). The upregulation of NBS1 may also promote the maintenance of telomere length in GSCs that display longer telomere length than matched non-stem cancer cells (data not shown). Our results may explain why GSCs exhibit preferential DNA damage checkpoint responses and the increased radioresistance.
Augmenting the sensitivity of resistant cancers to conventional cytotoxic therapy has been the subject of great effort. The study of cancer stem cells has been theorized as a source of novel insights that may be translated directly into clinical approaches. We recently described the benefit of disrupting another key cancer stem cell pathway, Notch, in reversing GSC radioresistance. Treatment of GSCs with GSIs that block Notch activation enhanced cell death and impaired colony formation after radiation at clinically relevant doses (Wang et al, 2010) . Although both Notch and L1CAM are cell-cell signalling molecules, Notch signalling does not alter DNA damage checkpoint activation in response to radiation (Wang et al, 2010) , suggesting that L1CAM and Notch may regulate parallel pathways that could be useful to target simultaneously. Additional canonical cancer stem cell pathways such as Wnt/b-catenin signalling may also contribute to radioresistance (Woodward et al, 2007) . In breast cancer, CSCs are relatively resistant to radiation potentially due to lower levels of reactive oxygen species (Diehn et al, 2009) . It is unlikely that therapeutic resistance in any cancer is caused by a single process or pathway but likely results from several factors acting together.
In summary, we identified the L1CAM-mediated checkpoint activation through the NBS1-ATM axis as one of critical regulatory mechanisms underlying the preferential DNA damage checkpoint response and radioresistance of GSCs. We demonstrated that L1CAM, a cell surface molecule preferentially expressed in GSCs, enhanced checkpoint activation and DNA repair capacity of GSCs in response to radiation through nuclear translocation of L1-ICD that mediates c-Myc and NBS1 upregulation. Thus, anti-L1CAM therapy may synergize with radiotherapy and other current treatments to overcome the therapeutic resistance of GSCs. L1CAM represents a potential molecular target for developing novel therapeutics to improve the treatment outcome for GBM patients.
Materials and methods
Isolation and culture of glioma-derived cells
GSCs and non-stem tumour cells (non-GSCs) were isolated from GBM surgical specimens or xenografts and cultured as previously described (Bao et al, 2006a (Bao et al, , 2008 Li et al, 2009 ). De-identified GBM specimens were collected from Cleveland Clinic Brain Tumor and Neuro-Oncology Center in accordance with an Institutional Review Board-approved protocol. GBM surgical specimens or xenografts maintained in athymic BALB/c nude mice were disaggregated using the Papain Dissociation System (Worthington Biochemical Corp.). Total tumour cells were recovered in stem cell medium (neurobasal-A medium with B27 supplement, 10 ng/ml epidermal growth factor and 10 ng/ml basic fibroblast growth factor) for at least 6 h to allow re-expression of surface markers and then sorted by fluorescenceactivated cell sorting or magnetic cell sorting based on the presence of CD133 (Milenyi Biotech) or CD15 (SSEA-1, BD Bioscience). The GSC phenotype of these cells was confirmed by functional assays of self-renewal (serial neurosphere formation), stem cell marker expression, tumour propagation (in vivo limiting dilution assay), and differentiation potential as described in our previous studies (Bao et al, 2006a (Bao et al, , 2008 Li et al, 2009 ).
L1CAM knockdown and lentivirus production
The lentiviral vector-mediated expression of shRNA for targeting human L1CAM was performed as described in our previous report (Bao et al, 2008) . Two L1CAM shRNA (shL1-2 and shL-5, SigmaAldrich) clones targeting non-overlapping sequences that showed significant knockdown of L1CAM expression (70-90% reduction) and NT control shRNA (SHC002) were selected for the experiments. NBS1 shRNA (shNBS1) and c-Myc shRNA (shMyc) clones in lentiviral vector were also obtained from Sigma-Aldrich (Mission shRNA). Lentiviral particles expressing targeting or NT shRNAs were produced in HEK293FT cells with the pACK set of packing plasmids (System Biosciences) and the viruses were concentrated and titered as previously described (Bao et al, 2008; Li et al, 2009 ).
Immunoblot analysis
Immunoblot (western blot) analysis was performed as previously described (Bao et al, 2006a (Bao et al, , 2008 Li et al, 2009 ). The anti-L1CAM antibody (Clone UJ127, mAb) was purchased from Lab Version or Genetex. The antibody against the intracellular (cytoplasmic) domain of L1CAM (L1-ICD) was obtained from Santa Cruz (SC-1508). Other antibodies against phospho-Chk1(S317), phospho-Chk2(T68), phospho-Rad17(S645), phospho-H2AX, phospho-ATM(S1981), total Chk1, Chk2, Rad17, MRE11, RAD50, and NBS1 (Cell Signaling Technology) and Flag and c-Myc mAbs (Sigma-Aldrich) were used for the immunoblotting.
Immunofluorescent staining
Immunofluorescent staining of GSCs or the differentiated cells was performed as previously described (Bao et al, 2006a (Bao et al, , 2008 Li et al, 2009) . Briefly, cells cultured in suspension or attached on cover glass or tumorsphere sections were fixed in 4% paraformaldehyde, incubated with primary antibodies (a-phospho-H2AX and a-NBS1 (Cell Signaling), a-L1CAM (Lab Version), a-L1-ICD (SC-1508, Santa Cruz), a-SOX2 (Millipore), a-Flag (M2, Sigma-Aldrich), a-c-Myc (Santa Cruz)) overnight at 41C, and then incubated with the fluorescence-labelled secondary antibody for 1 h at room temperature. Nuclei were counterstained with DAPI. Tumorspheres were fixed in 4% formaldehyde for 15 min, and cryoprotected in 30% sucrose. Sections were post-fixed in methanol and processed as described above. Stained cells were viewed and analysed under a fluorescent microscope (Leica DMI3000B) or confocal microscope (Leica TCS SP5). To validate the differential potential of GSCs, cells were induced for differentiation in vitro and then immunostained with antibodies against the astrocyte marker GFAP (Covance), oligodendrocyte marker Galc (Millipore), and the neuronal markers Map2 and TUJ1 (Covance) by immunofluorescent staining as described (Bao et al, 2006a) .
Tumorsphere formation assays
GSCs were transduced with L1CAM-targeting shRNA or NT control shRNA through lentiviral infection for 48 h, cultured or treated with IR (3 or 5 Gy), and then allowed to recover and grow for 9 days in 24-well plates. In order to stain, view, and analyse the number and size of tumorspheres formed by the surviving GSCs, the tumorspheres grown in the neurobasal medium were allowed to attach on plates by culturing them in DMEM with 10% FBS for 12 h, and then stained with the Quick-dip kit and analysed with Image J software.
Induction of DNA damage and comet assay
To induce DNA damage, GSCs or non-stem tumour cells were treated with 100 ng/ml NCS for 3 h or with IR (3 or 5 Gy), and then harvested for immunoblot analysis, fixed for immunofluorescent staining or cultured over a time course for tumorsphere formation assay. To examine the DNA repair capacity in GSCs by the comet assay, cells were subjected to the alkaline single cell gel electrophoresis assay to examine the resolution of DNA DSBs after IR or NCS treatment as previously described (Tice and Strauss, 1995; Bao et al, 2006a) .
Quantitative RT-PCR analysis
Total RNA samples were isolated from GSCs after radiation treatment or L1CAM knockdown with an RNeasy kit (Qiagen), and then reverse transcribed into cDNA using the Superscript III Kit (Invitrogen). Quantitative RT-PCR was performed on an Applied Biosystems 7900HT cycler using SYBR-Green Mastermix (SA Biosciences) with the following primers: L1CAM (forward: 5 0 -TGC TCA TCC TCT GCT TCA TC-3 0 , and reverse: 5 0 -TCC TCG TTG TCA CTC TCC A-3 0 ); NBS1 (forward: 5 0 -AGA CCA ACT CCA TCA GAA ACT AC-3 0 , and reverse: 5 0 -AAT GAG GGT GTA GCA GGT TG-3 0 ); RAD50 (forward: 5 0 -CGA AGT ACC TAT CGT GGA CAA G-3 0 , and reverse: 5 0 -GAT CGT CCT CGC ATA TCC AAG-3 0 ).
NBS1 rescue experiments
Flag-NBS1 was constructed by subcloning the human NBS1 open reading frame with a C-terminal Flag tag followed by a TGA stop codon into a lentiviral expression vector. To examine whether overexpression of NBS1 rescued the phenotype caused by L1CAM knockdown, GSCs were transduced with Flag-NBS1 or vector control through lentiviral infection for 36 h, targeted with L1CAM shRNA or NT shRNA for 48 h, treated with IR (3 or 5 Gy) followed by 3 h recovery, and then harvested for immunoblot analysis with specific antibodies as indicated to assess the rescue effect on checkpoint activation, or allowed to recover and grow for 9 days in neurobasal medium to form tumorspheres for assessing the rescue effect on radioresistance of GSCs.
Expression of L1-ICD
The cDNA fragment coding for the human L1-ICD (28 kDa) was amplified from the phL1A-pcDNA3 expression plasmid (Addgene plasmid 12307) with specific PCR primers (forward: 5 0 -ATC GAA TTC ACC ATG GAT TAC AAG GAT GAC GAC GAT AAG AAG CGC AGC AAG GGC GGC AAA-3 0 ; and reverse: 5 0 -ATC GCG GCC GCC TAT TCT AGG GCC ACG GCA GG-3 0 ), and then subcloned into pCDH-CMV-MCS-EF1-copGFP lentiviral vector (System Biosciences) or pLCMV-Neo lentivector (a kind gift of Dr Peter Chumakov) with Flag-tag coding sequences in frame and verified by sequencing. The expression of L1-ICD in GSCs was confirmed by immunoblot analysis and immunofluorescent staining.
Treatment of GSCs with GSI
The treatment of GSCs with the specific GSI was performed as previously described (Wang et al, 2010) . To examine the effect of GSI on the radiation-induced nuclear translocation of L1-ICD, GSCs (CW702) were pre-treated with 2 mm of DAPT (Sigma-Aldrich) or DMSO for 4 h, then irradiated with radiation (3 Gy), and cultured for 48 h in the presence of DAPT or DMSO. The nuclear fractions from treated GSCs or control GSCs were isolated with a ProteoJET Cytoplasmic and Nuclear Protein Extraction Kit (Fermentas) and then analysed by immunoblotting with antibodies against the intracellular (cytoplasmic) domain of L1CAM (L1-ICD) (SC-1508, Santa Cruz), NBS1, and Rad17 (Cell Signaling). DAPT: N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester.
Statistical analysis
Quantified data are presented as mean±s.d. Significance testing was performed by one-way analysis of variance or Student's t-test with JMP 8 software. Relative intensities were quantified via Adobe Photoshop 6.0.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
